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The great interest in ion rockets stems, of course, from their
potential for supplying extremely high values of specific impulse.
Chemical rockets are limlited to values of specific impulse in the
neighborhood Sf 400 sec by the available chemical enthalpy in the
propellants. Nuclear thermal rockets are limited to a specific im-
pulse around 800 sec by materials limitations. But ion rockets can
provide a specific impulse of 10,000 sec or even higher if desired.
Although the powerplant required to generate the electric power is
quite heavy, ion rockets nevertheless offer over-all weight savings
when compared with the lower-specific-impulse propulsion systems

for many space missions.

For each mission there is some optimum specific impulse that j// +
results in the lowest combined powerplant and propellant weight. For d !&iﬁz

nuclear turboelectric power systems and for reasonable extrmapolations
of current technology, it appears that a thrust-weight ratio of about
10-4 g's can be achieved and a specific impulse of 10,000 sec is
about optimum for a round-trip Mars mission (ref. 1). Longer mis-
sions require higher values of specific impulse; advances in tech-

nology to permit lighter powerplants will also result in a need for e
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) Belatively low values of specific impulse may also be of interest
for orbit adjustment on satellites. For short propulsion time and high
épwefplant specific weight, the optimum specific impulse may be as low
as 1000 seconds if ion rocket efficiency 1s assumed to be independent
of specific impulse; this assumption is not rea;istic, as discussed
herein.

This paper reviews the performance characteristics of ion rockets
with a view to assessing the level of efficlency that might ultimately
be attalned with these engines. The theoretical performance 1s con-
sidered for vﬁlues of specific impulse from 1000 to 25,000 seconds.

z‘The components of any ion rocket are a propellant supply system,
ah ion source, an ion accelerator, and an élec%roﬁ emitter; Consider-
able design data are available for each of these components due to the
many fundamental studles of ionization phenomena and the many prior
developments of electron guns and jon sources for mass spectrographs
and particlé acdelerators. These data are reviewed to show how they
brovide design criteria for ion rockets. However, a practical ion
roéket requires a high efficiency, small weight, and long operating
life; these factors were not of'such'great importance in most of the
prior developments noted above. Tﬁdsa much additional data must be
obtained before a high-perforﬁance ion rocket can be developed. The
research program of the NASA Lewis Reséarch Center is described to
indicate how we are attempting tp gbtain the necessary design data.

Finally, the research fgcilitieg necessary for ion rocket qe-

~n

velopment are described. The theoretical considerations in the design
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of ultra-high vacuum condenser tanks are reviewed, and some prelim-
inary experimental data on tank performance are included.
PERFORMANCE CHARACTERISTICS
The performance of an ion rocket can be determined from the equations

which follow. All symbols are defined in appendix A.

Ion beam current. -

r €
I =m —— l
B =™ D (1)
Thrust. -
my Mg ;g Ig by
F~E—Vi+EVe=—g—Vi—“§-€‘Vi (2)
Exhaust velocity. - Congervation of energy, %;“1V§ = €U or,
= 1.414,]=vU (3)
Vi = . "y
i
Power input. -
1073 - 2 -3 i3 €

Due to space charge effects there ex-

Saturation beam current.

ists a limiting, or saturation value, of ion beam current. Consider
the simple case where ions are emitted from a plane surface at poten-
tial U and are accelerated toward another parallel plane at zero
potential a distance L away. This parallel-plane diode is very
simlilar to éome ion engine configurations being given serious consid-
eration; simplified diagrams of two such engines are shown in figure 1.
The saturation current density, where d@/dx = 0 at the ion emitter,

is given by the relation (ref. 2):

3/2

U

i, = 5.56x10"12 ,/E — (5)
S 98 L2



2
Since the optimum value of Igp, and hence Vi, 1s fixed by over-
all craft weight and mission considerations, it will prove convenlent

in the later discussion to express most of the other performance param-

eters in terms of vy If we do this for is, from equations (5) and
(3) we get
3
. -12 ()i
= .97 ) —

The derivation of equationg (5) and (6) assumed the ion velocity
to be zero as they leave the ion source. This would obvlously lead to
a physically unrealizable infinite space charge density at the source.
 In practice, the initial ion velocity will not be zero, and the in-
dividual ion velocities will have a Maxwellian distribution. I.

Langmuir has shown that for this case

is,vo T
A 0.0247% (7)

where 1g v, 1is the saturation current density with finite initial
velocity and 1ig 1s the current density obtained from egquation (5) or
(6). Thus, for the high accelerator voltages to be employed with heavy
ions such as cesium, the effect of initial thermal velocities is almost
nil, and the saturation current given by equations (5) and (6) is
essentially correct.

If very light-weight ions such as hydrogen should ever be used as
propellant, then we should modify equations (5) and (6) as required.
Similarly, in the elctron guns, we must allow for initial-velocity

effects on current density.



. E-453

PRESSURE,
MM Hg

ey

10-'—
102}
10-3
/—LIQU|D NITROGEN ADMITTED TO
PUMP-INLET BAFFLES
‘cydl__
10~
LIQUID NITROGEN ADMITTED TO
MAIN CONDENSER BAFFLES
10~
Topd™
108 | | I I B
0] 4 8 12 16 20

TIME AFTER STARTING OIL-DIFFUSION PUMPS, HR

Figure 24. - Typlcal pressure-tlime history with nc engilne
inside tank.

NASA-CLEVELAND, OHIO E-453



E-453

Thrust per unit area. - Maximum obtainable values are limited by

space charge effects. From (2), (3), and (5),

2 _
% - 8x10-13 (%) - 8x10-1% E- (8)

From (2) and (6),

2,4
P _ oo0-13 (B) X
7 = 2X10 (e) Z (9)
Power per unit area. - From (4) and (5),
P_ _15 ,[E US/2
5 = 5.56X10 (\/; - (10)
From (4) and (6),
P 1 W z V5
= -16 (B} -
I 9.85X10 (e) 1z (11)
Performance charts. - Figures 2 to 5 show the more important per-

formance parameters on charts. The required accelerating voltages for
ions and electrons appear in figures 2 and 3, respectively. Figure 4
shows the very large amounts of power required to produce even a few
kilograms of thrust; this, of course, ig inherent in any high-specific-
impulse device. Figure S5 shows the power, thrust, and beam current

per unit engine ares.

PROPELLANTS
Most of the promising ion rocket opropellants will be formed into
single-atdm, singly-charged ions in the ion source. Let us examine
the effect that variations in atomic weight p might have on the ion
rocket design and performance. Since the considerations that lead to

selection of the optimum exhaust velocity are only affected by

-5 -
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propellant properties in a very secondary manner, we can assume in
this part of our discussion that we desire the same values of vy and

F for all propellants. -Then,

Focmyvy = nuavi =1 S av = 15w

So, for fixed F and vy,

Tiky = IgHp (12)
From (6), for fixed vy,
-1 __u
ig = A o L2 (13)
From (3), for fixed vy,
ue (14)

Using these simplified relations we can quickly obtain relative
values of the important design and performance criteria for two hypo-
thetical propellants, with one having twice the atomic weight of the
other. The following table shows the values computed for the case of

an ion rocket designed for high specific impulse (e.g., 25,000 sec):

Performance | Relative values for
parameters equal v &and F
Case 1(a) j1(p) | 2
H 1 1 2
I a 2 1
A 1 2 1
i 2 1 1
L /42 1 |42
_ U 1 1 2
E=U/L 2 1 2
P 1 1 1

For the low-u propellant, we have computed two cases: one having the

same accelerator area (case 1(a)) as for the high-p propellant, and one

-6 -



E-453

having twice this area (case 1(b)). The comparison shows that, in
terms of the over-all performence considerations listed in the table,
there is no advantage in either a high-p or a low-p propellant: Al-
though the low-p case requires higher i 1if A 1is made the same, we
can attain this 1 with the same value of E as for the high-p propel-
lant. Electrical breakdown between the high- and low-voltage electrodes
is assumed to be the factor setting a minimum limit on L and hence a
maximum attainable value on 1. This electrical breakdown is primarily
a function of E; therefore, since the required E 1s the same in
cases 1(a) and 2 in the above table, 1t appears quite feasible to attain
high F/A with either high-p or low-p propellants.

How, let us repeat this comparison for the case of an lon rocket

designed for low specific impulse (e.g., 3000 sec) .

Performance Relative

parameters values for

equal v
end F

=l
li

/L

WO T

o R R DN
|,_l

}—-‘NNENHI—‘N

Here we make the realistic assumption (for this case) that the
electrode spacing L 1is fixed by manufacturing tolerances, thermal
distortion effects, etc. Thus, the minimum possible L 1is attainable
with even the high-p propellants. In this case, then, the required

accelerator area lncreases inversely as the square of propellant atomic

welght.
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As will be subsequently discussed, the propellant atomic weight
can also affect the efficlency of the lon rocket with higher p per-
mitting somewhat higher efficlency. In general, then, it can be stated
that high propellant atomic weight may have some moderate advantage
for high-specific-impulse ion rockets, and high atomic weight is
mandatory for low-specific-impulse ion rockets.

The energy required tc ionize the propellant is so small in com-
parison with that required to accelerate the ions that these differences
between varlous propellants are not significant unless low-specific-
impulse ion rockets using low-atomic-weight propellents are considered.
Ionization potential is nevertheless important in most cases because
it affects the ionization efficiency (ratio of ions to total particles
leaving ion source). It is especially important where the surface
ionization method is used; here, at best, the work function of the
ionizing surface is only marginally above the ilonlzation potential of
the propellant. The alkali metals, which have very low lonization
potentials, are the only materials known to be subject to surface
ionization to any appreciable extent. Thus they are of considerable

interest as propellants.

COMPONENT DESIGN AND PERFORMANCE
The major lon rocket components are:
1. Propellant supply system
Z. Ton source
3. Ion accelerator

4, Electron emitter

-8 -



The design principles for each of these components will be briefly re-
viewed, and where possible, an indication will be given of the perform-

ance to be expected from the individual components.

Propellant Supply Systems
Since the propellant flow rates are quite low, a gaseous propellant
feed system appears most promising. In general, then, the propellant
supply system will consist of a vaporizer and some distribution-control
system. The system currently in use for supplying alkall metal vapors

to ion engines employing surface ionization systems is illustrated in

figure 6.

For supplylng the reactive alkali metals to our research engines,
we first load the alkali metal into a small glass ampule, working in a
dry nitrogen atmosphere. One or more of these amphles are then placed
into the propellant vaporizer of the engine and are broken to release
the propellant when desired. The véporizer consists of a controlled-

temperature container in which some liquid propellant is maintained;

the pressure in the vaporizer is thgn the vapor pressure corresponding
to the propellant liquid temperature. All other parts of the vaporizer
should be kept at temperatures equal to or higher than that of the
controlled-temperature basin to avold condensation. In the device shown
in figure 6 we accomplish this by jacketing the entire vaporizer and
circulating thermostatically controlled oll through the Jjacket.
Propellant vapor issues from the vaporizer through a cluster of
orifices, which are arranged to distribute the vapor in the desired
pattern as it flows into the ion source. Where surface ionization 1s
used, it is usually desired to have a uniform vapor distribution. Pro-
pellant flow rate can be varied by varying the propellant liquid temper-

ature in the vaporizer. The flow rate through the orifices is given by:
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Al

pAva (15)

ol L

.
m =

where v 1is the gverage molecular velocity of random thermal motion,
and o 1s a factor which corrects for molecular reflections occurring

inside the orifice. Values from reference 3 are:

'L/rlo] 1 2 4 10 |>r

a [1{0.6720.5136|0.3589(0.1973|8r/3L

The foregoing relations are valld so long as the radius of the orifice is
considerably greater than the mean free path, so that the flow through

the orifices occurs by molecular effusion.
For sharp-edged orifices (L/r = 0), a cosine distribution of

particles is obtained at the orifice outlet:

TTQ— = cos 0 (186)
Mg-0

As L/r increases, the wide-angle particles undergo progressively

more wall collisions inside the orifice while the zero-angle particles

are unaffected (provided I is much smaller than the mean free path).

Thus the outlet particle flow more closely approaches that of a paraxial

beam as L/r increases. Reference 3 contains these particle distribu-

tion patterns for various L/r values. This must be considered in ar-

ranging the orifices in the distributor plate.

For ion rockets capable of supplying a high current density
(several hundred amperes per square meter) the propellant vapor
density in the vaporizer must be increased to supply the required flow
rates and we no longer have true molecular effusion through the orifices.

Experimental calibration of the orifices is then required to determine

- 10 -
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both the flow rates and the flow efflux patterns as a function of the
geometry of the system and the operating conditions. Apparatus used

in this work at the NASA Lewis Research Center is shown 1n figure 7.

ION SOURCES

Many devices for producing ions have been bullt and studied for
mass spectrographs, as sources for particle accelerators, etc. Many
of these devices are worth considering for possible lon rocket use.
In general, these devices can be categorized as follows:

(a) Surface ionization

(b) Electric arcs

(c¢) High-frequency electrodeless discharges

(d) Electrostatic induction of particles

(e) Oscillating-electron sources

(f) Directed electron beam sources
All six of these are under experimental investigation at Lewis. The
first five appear worthy of serious consideration for electric propul-
sion devices (not merely for ion rockets in some cases, particularly (c)).

Surface ionization. - The alkali metals, which have the lowest

ionization potentials of any family of metals, can be ilonized to varying
degrees by bringing them into contact with materials such as tungsten,
platinum, and tungsten oxide, which have high electron work functions.
Of the various possiﬁle ion sources, the surface ionization tech-
nique shows the most promise because it is the only one that has been
demonstrated to give high ionization efficiency with high-atomic-

weight ions. Pioneer work on surface ionization by I. Langmuir and

- 11 -
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Becker dates back to the 1920's, and & great deal 1s therefore known
about the fundamentals of the process. This type ion source is re-
ceiving the greatest emphasis in the ion rocket programs at the Lewis

Research Center and in several other laboratories.

Despite its prime importance in the ion rocket picture, very
little will be said about the mechanism of surface ionization in this
paper, because it has been so throughly covered in various publications.

In addition to the early work by I. Langmuir and Becker, there are many
recent publications (e.g., ref. 4), as well as an evaluation of surface
ionization for ion rocket applicatlon in reference 5.

Reference 4 shows the lonization effectiveness of several metals,

as follows: With tungsten, cesium is almost 100 percent ionized over a

range of temperatures from 1200° to 22000 K (17000 to 3500° F). Rubidium
is almost 100 percent ionized from about 1200° to 1400° K (1700° to

2060° F). For potassium, the ionization efficiency ranges from 87 per-
cent at 1300° K (1880° F) down to 79 percent at 2400° K (3900° F). Na
and ILi are less than 5 percent ionlzed at temperatures below 2900° F.
Thus, the ionization efficiency decreases with decreasing atomic weight.

On platinum surfaces the percent ionized is lower (except for

sodium) than on tungsten, despite the higher electron work function of
platinum. The most plausible explanation is a lower probability of iso-
energetic electron transfer from the adsorbate to the metal for the case
of platinum. A high probability of electron transfer may require that
the electron in the ground state of ths atom to be ionized have an energy
that corresponds to an energy level of the conduction band of the metal
(ref. 4).

At 1700° K (2600° F) sodium is 83 percent ionized on platinum.

- 12 -
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The ratio of the number of ilons evaporating from a surface to the

nurber of atoms arriving at the surface is given by

b 7 1
Moyt -e(Be 1) o
1+ patc) e T
Pp

which can be derived from the Saha-Langmuir equation. For alkali metals,
the ratio of statistical weights mé/wp has a value of two, so the equa-

tion becomes

N
. L (18)
Na,i 'E(Qe'vi)

1 + 2e kT

Reference 4 indicates that equations (17) and (18) should include re-
flection coefficients to allow for the fact that some of the incident
atoms do not come to equilibrium on the surface and, hence, do not

follow the behavior indicated by the Saha-Langmuir equation. For

cesium on a tungsten surface these reflection coefficients are close to
zero and can be ignored.

At low surface temperatures an adsorbed layer of ions and atoms
exists on the surface. The adsorbed ions serve to reduce the electron
work function. Thus, in this range of temperatures, an increase in tem-
perature increases the ion current that flows from the surface due to
progressive removal of the adsorbate, With surface lonization systems
for ion rockets our main concern is to stay at temperatures above this
region where an adsorbed layer (and low work functions) exist. As sur-

face temperature is increased for any fixed value of atom arrival rate

- 13 -
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at the surface a critical temperature is reached where the adsorbed
layer suddenly disappears and the ion current from the surface abruptly
increases. Above this critical temperature the ilon current then slowly
decreases with further increase in temperature; this trend is solely due
to the T influence in the exponential term of (18), since &, 1s now
substantially that of the clean metal surface. The optimum surface
temperature for an ion rocket system i1s therefore equal to the afore-
mentioned critical temperature. Operation at temperatures slightly
above the critical values will involve only a slight performance

penalty; temperatures below the critical values should be avoided un-

less durability considerations should make this mandatory in some
cases.

The critical surface temperature depends on the arrival rate of the
atoms at the surface. D. Langmuir (ref. £) has derived empirical equa-
tion for the critical surface temperatures neceséary to permit various
ion current densities when the propellant feed rate is closely matched
to the ion extraction rate so that no adsorbed layer exists, From

Langmuir's papcr, for cesium on tungstern,

logyo 1 = 12,99 - 222350 (19)
Te
for potassium on tungsten,
. 11,300
1oglo 1 = lo.57 - _-'F‘,['T;— (20)
and for rubidium on tungsten,
15,700
= -2
logjg 1 = 13.15 T (21)

These equations are plotted in figure 8.

- 14 -
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We can now estimate the energy efficiency of a swrface lonization
system, The energy losses will be due to thermal radiation. The energy
efficiency of the ion since 1s then defined as

B (22)
Mg = 55— 22
PB + PRAD

For simple engine configurations employlng surface ionization, such as
those shown in figure 1, if the back side of the heated surface is
shielded, ARAD = AION' The values of ng for this case are given in
figure 9.

The solld curve in figure 9 is for the current densities that would
be obtained with an accelerator length of one millimeter; one engine con-
figuration that would permit us to obtain such a short accelerator is that
shown in figure 1(b). If we assume that a one-millimeter electrode spacing
is about the minimum that can be achieved in practice because of manu-
facturing tolerances, thermal expansion effects, etc, then the solid curve
of figure 9 represents the best efficiencies obtainable with this type
engine. The efficiency of the ionization system falls precipitously for
values of specific impulse below about 4000 seconds. This drop in ef-
ficlency at low specific impulse is due to the very large accelerator
areas that must be used due to space charge limitations on current den-
sity (eq. (5)). If the ion-emitting surface is made as large as the ac-
celerator (fig. 1(b)), then the large area results in excessive thermal
radiation losses even though the required surface temperature is somewhat

lower for the low values of specific impulse (fig. 8).

- 15 -
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The dashed curves of figure 9 show the efficiencies obtainable for
different values of current density in the engine. Higher current den-
sities mean smaller areas and smaller radiation losses. Although the

required surface tempergture increases with increase in current density,

the required area decreases sufficiently to decrease the radiation losses.

The accelerator length increases with increase in specific impulse

for any constant current density. However, for the range of specific
impulse and current densities indicated in figure 9 the accelerator

length are all quite short. TFor example, to permit an accelerator lengths
of one centimeter with a current density of 200 amperes/m2 with engine
configurations like those of figure 1, we must operate at a specific im-

pulse of 19,850 seconds.

An obviocus method for increasing the permissible accelerator length
and decreasing the required frontal area (hence, decreasing radiation
losses) is to use a configuration like that of figure 10 where the ions
are first accelerated through some large potential difference to obtain
high current densities (eq. (5)) and are then slowed down to the final
velocity corresponding to the optimum specific impulse. If né‘ions im-
pinged on the accelerating electrode, then no energy would be expended
in accelerating them to their initial high velocity. Figure 11 compares
the ion source efficiencies for this type engine with those previously
shown in figure 9. The dashed curves illustrate two cases: (1) the
case where the ions are initjally accelerated through a potential dif-
ference of 40 kilovolts (corresponding to a specific impulse of 24,500
sec) and are then decelerated to various final values of specific impulse,

and (2) the case when the ions are first accelerated through a potential

- 16 - b
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difference of 1059 volts (4000 seconds) and are then decelerated. For
the first case, an acceleration length of 1.3l centimeter was assumed,
since the electrodes must focus the ion beam so as to avoid any ap-
preclable impingement of the 40-=kilovolt ions on the electrodes. One
such electrode system is shown in figure 6. Ion impingement would
produce sufficient secondary electron emission to cause a very low ef-

ficiency. PFor the second case, an acceleration length of one millimeter

was assumed. Secondary electron emission should not be great with

cesium ion energies of about one kilovolt, thus a simple, closely-spaced
screen should be permissible as an accelerating electrode for this
case (fig. 10).

As figure 11 shows, we can make sizeable gains in ion source ef-
ficlency at low values of specific impulse. It should be noted that
these gains can be more than offset in a practical engine if any ap-
preciable fraction of the ions strike the accelerating electrode; in
which case the "accelerate-decelerate' system would be iess desirable
than the simple "accelerate only" system.

For values of specific impulse above about 4000 seconds the
"accelerate-decelerate” system offers no appreciable increase in ion
source efficiency provided that very short accelerator lengths (of the
order of millimeters) can be obtained in practice with the "accelerate
only" system. Such short lengths may not prove feasible, since for
cesium lon velocities in excess of about 1000 ev, secondary electron

emission from ion impingement on the accelerator electrode may be too

‘severe to permit the use of simple screens as electrodes. If this

- 17 -



proves to be the case, then the "accelerate-decelerate"” system may be
necessary even for Igp > 4000 in order to permit the lengths necessary
for the use of more sophisticated electrodes.

For Igp < 4000 the "accelerate-decelerate" system with
Upax = 1059 volts shows particular promise. This system yilelds ion
source efficiencies that are almost as high as those obtainable with
higher Upgy. Also, it may permit the use of simple screens for both
the accelerating and the decelerating electrodes, since secondary elec-
tron emission is not severe for a cesium lon energy of 1059 volts
(ref. 6).

If we design ion rockets for extremely high specific impulse (say,
25,000 seconds, as might be required for a trip to the outer reaches of

\
the Solar System or even for shorter trips if substantial reductions
in powerplant weight should become feasible) then the accelerate-only”
system is a likely cholce, since reasonable accelerator lengths are then
possible with this system.

The energy efficlency g of a surface lonization system can be
quite high for Igp > 4000 seconds. The ionization efficiency n; can
also be very high if we can insure that each atom of propellant contacts
the lonlzing surface and evaporates intc a region where a favorable po-
tential gradient exists for ion extraction. For propellants such as
potassium (on tungsten) or sodium (on platinum), we would like to draw
off the ions after the initial contact with the ionizing surface and
then have the remaining neutral atoms make another contact with the -

surface before escaping from the ion source. ' If this can be achleved
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we can increase the ionization efficiency above the levels previously
noted for these materials (about 87 percent, maximum, for potassium
and 83 percent, maximum, for sodium).

As previously noted under PROPELLANTS, low-atomic-weight propel-
lants such as sodium and potassium would be quite undesirable for ion
rockets designed to operate at low specific impulse. The lower the
propellant atomic weight, the larger the accelerator area required
(since length is fixed by manufacturing considerations) and the lower
the ion source efficiency. For high-specifid-impulse, however, it may
be desirable to use the lighter alkali-metals in preference to cesium
or rubidium because of the high cost of the heavier alkali metals.

In gddition  to the type of surface ionization systems illus-
trated in figure 1, we are also investigating configurations like the
one shown in figure 1l2.

Apparatus for more fundamental studles of surface ionization is
shown in figures 13 and 14. The apparatus of figure 13 will be used
to investigate various surface materials and various propellants. The
apparatus of figure 14 will permit measurement of the ion current
densities avallable from a hollow source that constitutes a reservoir

of ions.

Electric arc sources. - Most of the published data on electric

arc ion sources Indicate low efficiencles and low current densities

- 19 -
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for this type source. However, recent developments (laréely unpublished)
at several laboratories in the U. 5. and abroad indicate considerable
promise for such ion sources. At the Lewis Research Center we are working
with the ion source shown in figure 15; this apparatus is very similar
to the ion source described in reference 7. Some work with other elec~-
tric arc ion sources is also planned.

High-frequency electrodeless discharges. - This type of ion source

is relatively new, and it has not yet been developed into an efficient
device by any of its users. We are conducting some experimental work
on this technique, largely because it is such a flexible system and
could be used as an ion source or plasma source, and might also be de-
veloped into an electric thermal rocket. The apparatus is shown 1n

figure 16.

Flectrostatic induction of particles. - In the strict semnse, this

does not constitute an ion source. However, we will arbitrarily class
it as such and will refer to the multimolecule charged particles as
"particle ions" (as opposed to molecular ions).

The electrostatic particle precipltator is a well-known and widely-
used device. It is basically this same device that might be used to
produce the particle ions, One advantage of this system may be 1ts high
efficiency. Ionization efficiencies of well over 90 percent are re-
ported for reasonable values of energy input and precipitator size.
However, the electrostatic precipitator has not been tested at the de-

sired operating conditions for ion rockets. In industrial applications
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it is normally used on gases at one atmosphere pressure with 0.5 grains,
or less, of dust per cubic foot. In the ion rocket we will have zero
gas feed - only solid particles. 1In the normel use of the device, mo-
lecular ions are formed in a corona discharge and these then pick up
electrons from the dust particles to form the particle ions. At ion
rocket conditions we could use much higher electric field strengths and
hope to get a corona with particle ions playing the role normally played
by molecular ions. Or we might use parallel, cppositely-charged plates
with very high electric field strengths, and try to get conversion to
particle ions through the mechanism of high-field emission of electrons
from the particles. So the ionization efficiency to be expected is very
much in doubt; we can only hope to attain the 90% percent values quoted
for industrial use of electrostatlc precipitators.

It may prove difficult to generate the required particles, as the
requirements are rather stringent: (1) They must be quite small (of the
order of 0.001 to 0.0l microns) or the required accelerating voltage be-
comes ridiculous. It does not appear feasible to maintain even one elec-
tronic churge on particles smaller than 0.001 microns. (2) They must
consist of a very narrow range of particle sizes so that all will be
ejected at close to the optimum exhaust velocity. (3) They must have a
very low vapor pressure so that only a small fraction of the propellant

becomes either molecular ions or uncharged vapor molecules.
The only Lewis effort on this sytem is concentrated on the problem
of generating the required particles and supplying them to a precipitator

10 measure particle size. We will first attempt to obtain the desired

particles by condensing the vapor of low-vapor-pressure materials that

sublime.
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ION ACCELERATCRS
The method of Pierce (ref. 7) can be used to design the accelerating

electrodes for a paraxial ion beam. With this method the equations

Continuity: 1 = constant = ov (23)
Conservati rgy: L vl (24)
servation of energy: Z Ve o €(dy - @)
a%o o
Poisson's equation == (25)
(one-dimensional): dx

are solved to determine the potential distribution along the length of the
beam for maximum current density to obtain. The required electro-

static field in the charge-free region surrounding the beam is then de-
termined from the aforementioned longltudinal potential distribution and
the conditilons: %% = 0 at the beam edge, and Vzw = 0 1in the region out-

side the beam. The electrodes must then have the confliguration of equi-

potential surfaces in the required electrostatic field.

Performance in accord with theory can be approached only if we restrict
the accelerator to small aperture sizes and small current densities. For
high current densities the accelerator length must be gquite short as pre-
viously noted (eq. (5) and figs. 9 and 11). A typical Pierce accelerator
is shown in figurs 6. To obtain reasonable current denslities it becomes
necessary to (1) eliminate all but one accelerator electrode to obtain the
short length required, and (2) install screens to minimize the aperture ef-
fect (bowing of the potential ines through the aperture in the accelerating
electrode). With screens installed in the electrode aperture, secondary

electron emission from the screen will probably set the upper limit on the

accelerating voltage (hence, current density).
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Another design approach is obtained using strip beams (long narrow
beams) In order to keep the aperture effect to a minimum. The design tech-
niques employed in high-perveance electron guns can be used to advantage
here. A strip-beam ion engine employing an accelerator designed after the
method of Brewer (ref. 8) is shown in figure 17. The electrostatic field
approaches the theoretical field existing between concentric cylinders (for
example, ref. 9). The voltage and position of the focussing electrodes are
variable to compensate for aperture and space charge effects.

An interesting configuration suggested by David Lockwood of the Lewis
Research Center is shown in figure 18. The principles are the same as
in the engine of figure 17 except that the ion flow is now from the inner
cylinder through the aperture in the outer cylinder. This configuration
permits us to take advantage of the high potential gradients that exist
at the inner cylinder; thus, with no ion flow, we have the highest poten-
tial gradients in the region where space charge effects will be most severe.

With strip-beam ion accelerators, a practical ion englne will obviously
consist of some closely-packed array of these devices.

We can define an ion accelerator efficiency as

Pp

= — (26)

T
for a simple case where a single accelerator electrode is used. Py 1is
the power input to the accelerator electrode. Electron emission from

the accelerator electrode will have the same effect on efficiency as ion

impingement, assuming that the electrons "fall" back to the ion source.
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Then
Iz

where Ip 1s the current drawn by the accelerator electrode. Some data

(e.g., ref. 10) indicate that values of 1 above 90 percent can be obtained.

ELECTRON EMITTERS

If we suddenly turned off the flow of electrons that are injected into
the ion beam as it leaves the ground electrode of the accelerator and 1f
the beam were one-dimensional (no divergence), then the ions would come to
a standstill after travelling a distance L (equal to the accelerator
length) downstream of the ground electrcde. Beam current and thrust then
drop to zero. In other words, equation (5) also applies outside the engine.
If we are to approach the full current-density capability of the ion ac-
celerator, we must therefore achieve neutralization of the exit space charge
in a very short distance.

Space charge effects dictate a low particle density at the exit end
of the ion rocket. TFor a 1.3l cm accelerator length and U = 40,000 volts,

we wlll have an exit particle density of 5.7Xl015/m3. At this statlc pres-

n 5.7x101°
sure p = ==

— = 2x10-10  the half-life of a completely ionized
ONTP  2.69%10

plasma will be of the order 10° sec, assuming radiative recombinations to be
predominant. Hence, a negligible fraction of the lons and electrons will re-
combine before striking the wall of our test chambers.

Space—chargé neutralization can nevertheless be effected in a very short

distance (in theory) if we can inject the electrons at epproximately the same
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velocity as the lons and can disperse the electron source throughout the
lon beam. The simplest and most obvious way of doing this would be to
place an electron-emitting grid across the outlet of the ion accelerator
ags in figure 17 or to place the emitting wires about the periphery of
the ion beam. Another obvious technigque is to use electron guns at the
exit of the ion accelerator. Electron guns permit control of the initial
electron beam direction and can also provide some control of initial
electron velocity, particularly 1f some accelerate-decelerate system is
employed in the electron gun. Regardless of which system 1s used to
introduce the électrons, some interesting problems arise.

Analysis of a éne—dimensional beam, carried out by H. R. Kaufman
of the Leﬁis Regsearch Cenfer, iﬁdidates that a steady-state beam is im-
prossible unless &e < 2v4 for the case where the ions and electrons
are interspersed but have different ihitial velocities. For Ve > vy
but ve < 2vi the electrons undergo a longitudinal oscillation at
the plasma frequency; this oscillation is superimposed on their through-
flow velocity. The osbillatioh is triggered by the fact that py > pg
in the region where vg > Vi, thus leaving a positive space charge in
that region which slows down the electrons until v, < vy and
Pe > p; 1in the next'half-wave;length segment of the beam.

Let us examine the possibility of using electron‘guns to give
Ve < 2vy. If we assume that initial (thermal) electron velocities are

negligible, then for Ij = I, from equation (5),
Ae  [re\t/21U5\3/ Le)Z
— = (= == = 28
Ay \Mg Ue Li (28)
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and from (6),
A\L/3/7.\2/3/8.\1/3
Ve Hi Le Ay
vy (“e> <Li> (Ae) (=)

Now take the most favorable case of an "accelerate-only" ion rocket de-
signed for very high specific impulse (e.g., 20,000 seconds) so that we
have an ion accelerator length in the neighbo}hood of one centimeter;
Le/Li can perhaps be made as low as O.1l. So, for Le/Li = 0.1 and for

C; ions (ui/ue = 244,000), these equations become:

A Us 3/2
—€ - 2.03x10-5 (= (30)
A Ug
and '
v 7 A 1/3
& _13.5(-% (31)
Vi Ae

A plot of these equations is shown in figure 19. It 1s obvious that the
electron velocity at the outlet of the engine cannot be reduced to
desired values without making the electron guns many times as large as
the ion accelerator (again, assuming that Le/Li has a lower limit of
about 0.1).

Our salvation may lie in the departure from & one-dimensional ion
beam. We do not have an infinite ion beam, so beam divergende may help
somewhat. But our big hope lies in the extreme mobility of the electrons
and their tendency to be drawn radislly inward into the core of the ion
beam. We can tilt the electron guns to vary the initial electron beam
direction. The optimum initial angle can be determined by experiment.
The final result may be sémething like the sketch in figure 20(a). As
v

" approaches v; we should get over-all neutrality in the beam.

e,x i
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To achieve the required space charge neutralization without having
electrons "fall" back into the ion accelerator may necessitate the use
of a decelerating field at the end of the ion accelerator.

At best, 1t appears that a certain amount of power will be wasted as
the positive ions move into a positive-space-charge region at the engine

exit. In a practical configuration, the ions will not "fall" through a
zero-potential plane and aftaiﬁrtheir ideal exhaust velocity even though
the final accelerating electrode is kept at ground potential. The poten-

tial field at the exit may be such that some (or all) of the ions decelerate

‘after leaving the final electrode. In this case the final ion velocity

(at the point where beam neutralization finally occurs) i1s the oiie .of in-
terest. The positive space charge region aft of the engine will-éxert a
drag and will counterbalance the internal (thrust) force obtained by ac-
celerating the ions above their final velocity.

As indicated in figure 20(b), we may be able to reduce the power loss
that would otherwise accrue from the above phenomenon, by operating the
final ion accelerating electrode at a lower potential than the electron
guns. In theory, the electron emitter need be at only a few volts lower
potential than that of the positive ion space charge region into which the
electrons are to flow. In which case, the input power used in pumping the
electrons from the high-potential ionization grids to the potential of the
emitter, or electron-gun cathode, is 5till substantially the same as the
ion beam power. The only net loss through such a procedure would then be
a lower value of nay than if Ug ¢y = Utheoretical®

Some finite time is required for the electrons to flow into the ion
beam, and the ions continue to decelerate and build up a higher space
charge during this time. Consequently, we may be forced to inject the
electrons upstream of the point of highest potential in the exit space
charge region. Then, the actual ion beam power PB,A will be less than
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the electrical input power required in pumping electrons P, 7~ Pg. Hence,

we define anothér efficiency term

P
S 7. 3 Pg,a (52)
E™ P Py

OVER-ALL EFFICIENCY

From our préceding definitions of component efficiencies (ni, Mg

nas end nE) we can define an over-all ion rocket efficiency nrp as

follows:
P P
B!A B
= = T—— .
ﬂR Pin i Pin ﬂlnE
1
=MWE (T 1 (33)
—_— = .
Ng A

The individual component efficiencies have been defined in such a
way that the values for each component reflect the true influence of
that component on the over-all engine efficiency; that is, the specified
value for the particular component under consideration is equal to the
over-all efficiency if all other component efficiencies are 100 percent.

Some speculation as to the attainable values of over-all.efficiency
seems in order at this point. For a surface ionization system 13 can
closely approach 100 percent and ng will have the calculated values of
figures 9 and 11. The values of 1, must be determined experimentally
for any accelerator of interest; values in excess of 90 percent may be
feasible. The biggest unknown quantity in equation (33) is the value of

Ng; no general agreement currently exists as to its probable magnitude.
If we assume 73 = 1.00, My = 0.90, ng = 0.95, and read Tg from
figure 9 for a current density of 200 amperes/m2 and a specific impulse

of 10,000 seconds, we compute an over-all efficiency, ngr = 84 percent.
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For low values of specific impulse the over-all efficiency will decrease,

primarily because of the decreased energy efficiency of the ion source.

ENGINE TEST FACILITIES
General Requirements

Large vacuum tanks are required to permit tests of small-scale ion
rockets with ample space for installing the necessary instrumentation
to study beam spreading rates and exit space charge effects. Several
such tanks have been designed and the first of these was recently in-
stalled at the Lewls Research Cénter. It is shown in figure 21, and the
refrigerated condenser baffles which are installed inside the tank are
shown in figure 22. Without the condenser baffles more than fifty 32-
inch oil diffusion pumps would have been required to obtaln a pressure
of even 10-6 mm mercury inside the tank with a one-ampere lon beam
entering the tank. With the condenser baffles, however, we expect to
operate at pressures below 10-7 mm using only two 32-inch oil diffupion
pumps. The tank diameter is S feet; it 1s 16 feet, 8.75 inches long;
the condenser baffles have 730 square feet of area and can be cooled
with either water or liquid nitrogen. Ample facilities for storing
and transporting liquid nitrogen are already available at Lewis, thus
making liquid nitrogen particularly convenient for use in the tank.

Pressures below 10-7 mm mercury were desired to minimize gas
focussing of the ion beam. If the tank pressures are much above 10-7
mm, collisions between the high-velocity ions and neutral molecules
will result in congiderable secondary ions and electrons. If the beam

is positively charged, the low energy secondary ions will be forced away
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from the beam and the secondary electrons will be drawn into the beam
to help in neutralizing it. The secondary electrons thus affect the
exfernal space charge and thils, in turn, can affect internal engine
performance, Low tank pressures were therefore deemed essential for

any realistic experimental evaluation of engine performance

Theoretical Considerations
Theoretical consideratlons pertinent to the design of our ultra-
high vacuum condenser system have been published in reference 11. The

equation for the required condenser surface area is

N
g =

2 L+ a-n0-aY] a-na-alz ()

It was derived for the case where the pressure is constant throughout
the array of condenser baffles and the accommodation add sticking coef-

ficients (a and f) are also constant throughout the tank. Actual

. conditions inside the tank ma&y depart considerably from these assumptions,

and tests currently underway are aimed at evaluating the assumptions.

Figure 23 presents the parameter 2pS/vaO as a function of the stick-

ing and accommodation coefficients. For the design conditions of our

first vacuum tank: S = 730 £t2 (67.8 m%); Nu = 1.38x10-6 kg/sec for a
one-ampere beam of cesium ions; and vp has a maximum value of 5.36x10%
m/sec, assuming an accommodation coefficient of 0.95 for the initial im-
ract of the beam on the water-cooled target inside the tank. For these

conditions various tank pressures are also indicated on figure 23,
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Experimental Performance

Figure 24 shows the pressure-time history for a typical test
where the vacuum system was operated with no engine inside the tank.
The elapsed time i1s measured from the time at which the oil-diffusion
pumps were started. The pressures are the average readings of ioniza-
tion gages iocated at both ends of the tank. The two discontinuities
in the curve are the result of addingligpid.nitrogen to tﬁe‘pump-inlet
baffies and to the main condenseirbaffles, as noted on the figure.

A pressure of 7%10-8 mm mercury was reached after about 16 hours
of operation of the oil-diffusion pumps. Approxiﬁétely this same
pressure is obtained in most tests where the system is free from leéks
before beginning the test. In one test in which the main condenser
baffles were removed from the tank, a pressure of 2X10-8 mm mercury
was obtained.

The combined leakage and outgassing rate, as determined from the
measured rate of pressure rise with the pumps off, ranges between
4XlO'3 and 6><lO"3 mn mercury per hour with the main’ condenser baffles
instal}e@ but with the meta; surfaces at room temperature. The leakage
plué‘oﬁééaésing'fatéhisnabdﬁt i%idis mﬁ‘m;;zhr§-péfjﬂau£i%ith the
baffles filled with liquid nitrogen.

Two tests have been conducted in which sodlum vapor was added to

the tank. The data are shown in the following tabile:
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Sodium Pressure |Pressure 28p Possible
flow rate before during Nuvg values of

N sodium sodium during a and T
(xg/sec) |addition [addition | goqium

(mn Hg) |(mm Hg) |aqdition
6.39x10~7 |5.7x1078 [5.7x1076 | 37.8
3,61x10-5 | 1.1x10-7 [ex1077  |5.64X10"% |f=0.765 if
a=0.95

The first test invalved such small sodium flow rates that no pres-
;u;; ;isg quld bé expected, and none was observed. This test was, 2
conducted primarily to evaluaté the procedures for removai of alkali
metal from the condénser baffles. This procedure 1s gquite simple:

The tank pressure is slowly increased to atmospheric pressure by admit-
ting carbon dioxide into the tank. This presumably converts the alkali
metal to the carbonate. The tank is then opened and the condenser
baffles are removed and washed with water. There has been no indication
of any chemical reaction during_this procedure, thus indicating that the
conversion to the carbonate 1s substantially complete. Earlier tests

in a bell jJar app;ratus with chemical analysis of the condensed material
had also indicated complete conversion to the carbonate.

The second test served to indicate the effective over-all values
for the sticking and accommodation coefficients. Of course, various
combinations of values for a and f would account for the observed
result, as indicated in figure 23. But if we arbitrarily assume a=0.95,
than f = 0.765, as indicated in the table. If the same values of a

and f apply for actual ion rocket operation with considerably higher

vp but much lower mass flow rates, then a pressure of about 2X10-6 mm

3
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mercury is about the lowest that we might expect to maintain in the con-
denser section of the tank for steady-state operation with a one-ampere
lon beam.

During operation of an actual ion rocket, however, the ion beam
will serve as an ejector and may reduce the pressure forward of the
bulkhead (see fig. 21(b)) to a value substantially below the pressure
existing in the condenser section of the tank. If this occurs, then we
might obtain quite low pressures near fhe engine. If a neutral plasma
can be obtained before the beam passes through the opening in the bulk-
head, we might ﬁhen be relatively free of gas+focusing effects, If the
beam is not electrically neutrﬁl, however, a back-flow of electrons from

the condenser section of the tank could occur.
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APPENDIX - SYMBOLS
area (m?)
accommodation coefficieﬁt
electric field (volts/m)
permittivity of free space (8.854XlO'12 farads/m)
thrust (kg)
sticking coefficient
gravitational acceleration (9.81 m/secz)
ion beam current, amperes
specific_impulse, sec
current density (amperes/mz)

saturation current density (amperes/mz)

Boltzmann constant

length (m)

mass (kg)

mass flow rate (kg/sec)

particle flow rate (sec)-1

number of particles per cubic meter
power (KW)

pressure kg/m2 in equations; mm Hg in tabulations
radius (m)

surface area (m?)

critical temperature in the surface ionization process, oK

total potential difference across electrostatic accelerator

(volts)
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vy ionization potential, volts
v velocity (m/sec)
€ Tor charge (1.602X10-19 coulomb for singly-charged ion)
, Pp In
Na édccelerator efficlency; ny = Ty + PA‘- g + 1a
' : Pp,a _FB,A
g exlt-space-charge efficiency factor; ng =-—?:— ~ —§g—
Ny lonization efficlency, mass ratio of ions to total material
leaving ion source
TR over-all lon rocket efficilency; TR = 14" T N E; T
s Ta
Py
g energy efficlency of ion source; ng = ﬁg—:—ﬁgzg
W particle mass (kg)
Pe electron mass (9.108Xlo’31 kg)
0 density (kg/m°)
o charge density (coulombs/m°)
P potential (volts)
o, electron work functign (volts)
waﬂnp ratio of statistical weights (wg/wp = 2 for alkali metals)
Subseripts:
a neutral atoms
a,1i 7 incident neutral atoms
A accelerator or accelerator electrode
B beam (ideal)
e eleétrons
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ions

condition of particles inside test facility after rebounding
from target

electric input

normal temperature and pressure

thermal radiation
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PACKED BED, OR SIMILAR ION EMITTER

ACCELERATING ELECTRODE AT Umax

DECELERATING ELECTRODE
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Figure 10. - A simple ilon rocket employing the "accelerate-decelerate"
principle.
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Flgure 11. - Energy efficiency of ion rocket surface ionigzation system for

cases where a high voltage is used to pull high current densities from
the system. Tungsten surface. Cesium propellant.
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(a) Some design details.

Flgure 12. - Ion source consisting of two rows (staggered)
8trips individually supported in tension and electrically
a current passing in seriles through the strips.

of tungsten
heated by
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{b) Photograph of a single tungsten grid.

Figure 12. - Concluded. Ion source consisting of two rows (staggered)
of tungsten strips individually supported in tension and electrically
heated by a current passing 1n serles through the strips.
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(a) Photograph of facility.

Figure 21.

- Ton rocket test facility.
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(b) Cutaway drawing of facility.
Figure 21. - Concluded. Ion rocket test facility.
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Figure 23. - Condenser performance for varlous accommodation and

sticklng coefficients.



